Abstract. The subgrain structure of hot rolled aluminum alloy AA 5005 has been characterized on as-received samples using Electron Backscatter Diffraction (EBSD). Based on the OIM scans of RD-ND and TD-ND, 3 dimensional microstructures of subgrains are built up using the 3D Microstructure Builder, which is a method for developing statistically representative digital representations of microstructures. Following the generation of microstructure, different textures were fit to these reconstructed 3D microstructures, based on individual components such as Brass and S textures. For this study, the Brass texture was chosen as an exemplary case. Monte Carlo simulation was used to model subgrain coarsening and visualization was a key to detecting abnormal grain growth. The main objective is to understand the circumstances under which we can expect abnormal (sub-)grain growth to lead to nucleation of recrystallization.
Introduction
Considerable effort has been expended to understand the initial stages of recrystallization since they dominate the final outcome of the process. The aim of this recrystallization nucleation study is to be able to predict both the size and orientation of the recrystallized grains. Mastering the parameters that control this process will allow us control recrystallization more efficiently.
Typically, in an alloy of medium or high stacking fault energy, the dislocations are arranged after deformation in the form of a three dimensional cell structure [1] . During recovery, the dislocations cells rearrange (polygonize) into subgrains via annihilation of dislocations, which may have already taken place, especially at high deformation temperatures. Recovery leads to the formation of low angle boundaries. The subgrains are small regions which are delineated by these low angle grain boundaries. There are 3 factors that promote the formation of a subgrain structure during deformation, namely, high stacking fault energy, low solute content, large strain and high temperature of deformation [1] . Long range orientation gradients may be present in the material, which is also important for the occurrence of abnormal growth [2] .
However, besides the interest in the subgrain structure itself, much attention also has been given to subgrain coarsening. Over 50 years ago, it was first proposed that subgrain coalescence is a nucleation mechanism of recrystallization by Cahn [3] . The nucleation mechanism of recrystallization has been an issue ever since. It is accepted that from a thermodynamic point of view, it is unlikely that the new recrystallized grains are created through random thermal fluctuations due to the low driving force and large interfacial energy of a high angle grain boundary, which is an essential factor in the recrystallization process [1] . Therefore, the nucleation of recrystallization involves the formation of a small nucleus that is a small volume of relatively perfect material pre-existing in the deformed microstructure [1] . This nucleus must be at least partly bounded by a high angle grain boundary [4] . A detailed analysis of the recrystallization process in an Fe-Ni alloy done by EBSD in the FEGSEM showed that the nuclei mainly develop from shear bands or near grain boundaries, or more frequently at the intersection between them [5] . In this study, they observed that the nuclei were highly misoriented from their neighborhood. However, this nucleation mechanism has not been thoroughly investigated. The most recent work on this issue is done by Holm [6] using Monte Carlo simulation, which concluded that abnormal growth needs to have relatively high mobility boundaries available to the system.
Experimental Investigation
The aluminum alloy used in present study is a hot rolled alloy 5005 that was supplied by the Alcoa Technical Center, Pittsburgh. The chemical composition of this alloy is given in table 1. The asreceived sheets are about 3.5mm thick. Small pieces were machined out of the sheet with 20mm × 10mm × 6mm. The samples were ground through a series of 400, 600, 800 and 1200 grit papers with water, followed by a 1 µm diamond polish on a nap cloth, and finally electropolished using an A2 Perchloric acid based electrolyte. The 2 orthogonal sections were scanned in an FEI XL-40 FEG Scanning Electron Microscope. EBSD maps were obtained using the TSL software (TSL-EDAX). 
Statistical Representation of 3D microstructure
For simulating realistic microstructures, both the subgrain shape statistics and the texture need to be incorporated into the 3D digital microstructure as illustrated in the following figure. Figure 1 . A schematic of the process to construct a 3D microstructure based on 2 orthogonal EBSD observation areas. The microstructure produced by fitting grain shapes to the observed subgrain structures is shown on the right using OpenDX.
In order to make the 3D microstructure more accurate, subgrain shape statistics were obtained in the form of aspect ratios using the TSL software, figure 2. Both these sections have peaks at 0.5 and 0.6. The mean aspect ratio is 0.5. This means that the subgrains are half as long parallel to the ND in relation to the TD and RD directions. The ImageJ software [7] was used to analyze 2D images by fitting an ellipse to each individual grain. The same approach was used by slicing the 3D microstructure into 2D sections, and analyzing the slices to determine the aspect ratios of the grains (sub-grains) in the reconstructed microstructures. Figure 3 shows the comparison between the simulated and experimental data. The mean aspect ratio is 0.58, and there is a peak at 0.5. This figure shows similarity between the measured and fitted aspect ratio distributions. This shows that the Microstructure Builder can vary the grain shape by adjusting the geometry-governing parameters. X-ray pole figure analysis and EBSD are both useful for texture measurement. The X-ray method is of course limited to average texture over the sampled area and, in this material, shows the expected fcc rolling texture. The major texture components are brass, S, copper and cube, although there are significant fractions of other components. However, the scanned region is generally much larger compared to a typical EBSD scan, which has the advantage of measuring local (micro-)texture. The EBSD scan area depends on the scan resolution and time available. Generally, higher resolution means small scanned areas. Since this study focused on characterization of the subgrains, the step size was set to 0.4 µm, which results in small scan areas 100 µm×100 µm. Specific areas were chosen in order to fully characterize the subgrain structure in specific texture components such as S and Brass. Volume fraction analysis yields results that are consistent with the measured rolling Materials Science Forum Vols. 558-559texture, despite the limited area (and number of grains) sampled in the EBSD scan. The volume fractions of different components are listed in Table 2 . Table 2 . Volume fraction analysis of AA 5005 by EBSD and X-ray. Figure 4 illustrates the EBSD scans of 2 orthogonal sections with sub-regions containing the brass texture highlighted. The Brass component was chosen for study since it is one of the main texture components in the as-rolled condition. An Orientation Distribution (ODF) and Misorientation Distribution (MDF) were obtained from this cropped data set for use with the Microstructure Builder. Table 3 lists the volume fractions based on the volume fraction analysis of the highlighted areas in the inverse pole figure maps above. This data set suggests that brass texture does dominate, but S and other textures are non-negligible. These other texture components introduce high misorientation between neighboring grains. This suggests that abnormal grain growth may be possible because subgrains surrounded by high angle grain boundaries are more likely to grow (or shrink) rapidly. A simulated annealing algorithm was used to fit the texture of the digital 3D microstructure to the measured texture [8] . 
Monte Carlo Simulation Results
The MC code used in this simulation is described in detail in [9] . The lattice temperature chosen was 0.9. A 3D digital microstructure with 1818 grains was used as described above. 2D images were captured on the central plane of 3D microstructure, and the color coding is similar to IPF maps created in TEXSEM software. The following snapshots are 2D slices of 3D microstructure perpendicular to the Z direction. Therefore, these images represent TD-ND sections. At the initial step, subgrains still maintain elongated shapes along the TD direction. However, the subgrains tend to become equiaxed with time due to the coarsening. The highlighted 2 grains grew abnormally. The same character that these 2 grains share is that they are all surrounded by high angle grain boundaries because the neighboring grains belong to different texture components. 
Discussion
A few grains grew abnormally and the abnormal growth was correlated with the presence of high angle, mobile boundaries around them. This result is in agreement with the theoretical study performed by Holm at al. [6] . Since this result represents only one instance, however, of a representative microstructure, further work will be required to establish the variance of the outcome.
A high angle grain boundary is necessary for abnormal subgrain growth to occur and to allow recrystallization nucleation to take place. However, a large (average) misorientation surrounding a nucleus means that it is less likely that a particular grain will grow to the critical size; nevertheless, a large misorientation helps a nucleus grow into the matrix abnormally [10] . An interesting question is that what is recrystallization texture? This study suggests that the recrystallization texture is predominantly copper (69%). However, a single computation is only indicative and further work with a range of representative texture components and varying instantiations of microstructure and texture will be required to determine the recrystallization texture in this AA5005 aluminum alloy.
Summary
Abnormal subgrain growth was simulated with a Monte Carlo code based on EBSD scans.
(1) Statistics from experiments were fed into 3D digital microstructures in terms of both aspect ratio of subgrain shapes and texture information in order to make an accurate representation of the measured subgrain structure. 4) There is a tendency for elongated subgrains to become equiaxed after some time has elapsed during simulated (sub-)grain growth. (5) The occurrence of abnormal grain growth will be very sensitive to the assignment of orientation because of the requirement for high angle grain boundary to obtain high mobility.
